The cardiac response to exercise has long been utilized as a means of characterizing normal and abnormal ventricular performance. Nonetheless, the normal behavior of stroke volume during stress has remained controversial. Early studies demonstrated that normal humans generally effect a rise in stroke volume with exercise (1-3)-a response not shared by the failing ventricle (4) . More recently, Rushmer has challenged this view and has maintained that "stroke volume increases but little during exertion, and rarely exceeds recumbent control levels" (5, 6) . Furthermore, it has become apparent that the training of the individual, the position of exercise, and the severity of the stress itself influence the stroke volume response (6) (7) (8) .
Mild exercise, performed in the supine position, has proved to be a useful stress test in many catheterization laboratories. When done in this fashion, it is generally associated with mild and inconstant increases in stroke volume by the normal heart.
Further insight into the stroke volume behavior may be gained by inspection of the direct determinants of the stroke volume itself. Cardiac stroke volume may be considered as the product of the mean systolic ejection rate (MSER) and the duration of systole. In this manner the dynamic contractile effort is conditioned by time. Thus for a given period of ejection, the volume of blood delivered by the heart will be determined by the rate of fiber shortening and the initial chamber volume from which fiber shortening takes place. The present study seeks to examine the effect of exercise on a readily determined parameter of cardiac ejection, the mean systolic ejection rate. Studies were carried out in normal human subjects, in patients with left ventricular failure, and in patients with valvular heart disease.
MATERIALS AND METHODS
Rest and exercise studies were performed on 64 subjects. A control group composed of 26 subj ects included 18 normal individuals and 8 patients with mild heart disease. This latter group included 5 patients with mild mitral stenosis (valve area greater than 2.5 cm2), 1 with patent ductus arteriosus (pulmonary-systemic flow ratio, 1.2/1), 1 with hyperkinetic heart syndrome (9), and 1 with mild pulmonary hypertension of unknown etiology (pulmonary arterial pressure, 34/18 mm Hg). The failure group comprised 15 cases and consisted of 7 patients with arteriosclerotic heart disease, 2 with hypertensive heart disease, 3 with left ventricular failure of unknown etiology, and 1 each with myocarditis, patent ductus arteriosus, and coarctation of the aorta. All patients in this group had in common clinical evidence of left ventricular failure and pulmonary capillary pressures of greater than 12 mm Hg at rest, or greater than 17 mm Hg during exercise, or both. No cases of aortic valve disease were included in this group. A third group of 11 patients had severe mitral stenosis (valve area less than 1.2 cm') without evidence of left ventricular failure.
A small group of 6 patients with pure aortic stenosis without left ventricular failure, as judged from pulmonary capillary pressures of less than 12 mm Hg at rest and during exercise, was also studied. Six near-normal individuals were studied before and after the intravenous administration of atropine (1.0 to 1.4 mg) and have been previously reported in part (10) ; 3 had functional systolic murmurs, 1 had a diastolic murmur of aortic insufficiency without major change in blood pressure, 1 had mitral stenosis, and 1 had mild mitral insufficiency.
Right heart catheterization was performed in all patients. Cardiac output was measured by the direct Fick method, and brachial artery and pulmonary capillary pressures were recorded by means of a Statham P-23D strain gauge on a Sanborn direct recorder at paper speeds of 25 to 50 mm per second. Heart rate, pressure, and systolic ejection period per beat were measured on the In 4 patients with aortic insufficiency and congestive brachial artery pressure pulse, recorded simultaneously heart failure, not included in the above-mentioned group, with cardiac output. Respiration was not controlled, but total as well as effective stroke volumes were determined. the duration of systole rarely varied by more than 0.01 In each instance aortic regurgitant data were derived second during phasic respiration. Multiple measurements hydraulically from necropsy material (11). In 2 of these, of the systolic ejection period were made, and the aver-the aortic regurgitant valve area was measured cineage value over at least two respiratory cycles was de-matically with the heart on a McMillan pump. In the rived. In those cases with atrial fibrillation the average other 2 with fixed, heavily calcified aortic leaflets, the was derived from a minimum of 12 complexes. Those valve area was planimetered directly at necropsy. These cases in which the systolic ejection period was not clearly data were utilized to back-calculate regurgitant and total defined on the arterial pressure pulse were excluded from stroke volumes during the rest and exercise studies (11) the study. On five occasions pullbacks from the ascend-and thus, total as well as effective MSER was derived. ing aorta to the brachial artery revealed no measurable difference in the duration of the systolic ejection period. RESULTS Regardless of this consideration all measurements of the systolic ejection period were made under identical con-1. Normal -4~~~_ LO--9 and 7 per cent in the two groups, respectively. Pulmonary-capillary pressures rose from 6 to 9 mm Hg in the controls and from 18 to 32 in the failure cases.
In Figure 1 , rest and exercise mean systolic ejection rates, in cubic centimeters per second per m2, are individually plotted for all patients in the control and failure groups. The effective MSER rose during exercise in 25 of the 26 control subjects (average rise, 28 per cent). In the failure group, on the other hand, effective MSER did not rise significantly. In the majority, little change was found and in no instance did MSER differ by more than + 11 per cent of the resting value. The group differences are significant (p < 0.001).
Figures 2 and 3 demonstrate the magnitude and direction of change of the two measured parameters that enter into the mean systolic ejection rate calculation. In these quadratic graphs, percentile changes in stroke volume and in systolic ejection period are shown for each subject in the two groups. Deviation from the 450 line to the left and upward indicates a rise in MSER. In the controls ( Figure 2 ) the largest rises in stroke volume were associated with the greatest increases in MSER. Figure 2. with no change in systolic ejection period, obviously approaching methodologic accuracy.
The influence of the magnitude of the heart rate response on the MSER is examined in Figure 4 .
Nine of the 26 control subjects (35 per cent) did not show a significant rise in stroke volume on effort. In eight of these nine subjects, however, systolic ejection period decreased out of proportion to stroke volume, indicating that MSER increased as with the other control subjects. When this smaller group of nine cases, with no change or with a fall in stroke volume, is compared with the failure series, the difference in mean systolic ejection rate response is still significant, with a p value of < 0.001.
In general, when changes in stroke volume occurred in the heart failure group there was an associated parallel change in systolic ejection period. Thus, little change in mean systolic ejection rate occurred, regardless of change in stroke volume (Figure 3) . Two failure patients showed a rise in MSER as great as 10 per cent.
In one of these, effective stroke volume was inordinately low and the percentile rise in ejection rate reflected an absolute increment in stroke index of 3 cc It is apparent that there is no relationship, in either myocardial failure, two groups of subjects with the control or failure cases, between the degree of valvular stenosis were studied (Table III) . tachysystole and the change in effective mean sysMitral stenosis. While stroke volume rose in tolic ejection rate induced by effort. Further in-only five of the eleven subjects during effort, mean formation with regard to the effect of tachycardia systolic ejection rate increased in nine (average alone on the MSER was obtained in six patients rise, 13 per cent). Of the two subjects in whom given intravenous atropine (Table III) used to back-calculate total as well as effective stroke volumes and mean systolic ejection rates during the rest and exercise studies (Table IV) . Two of these cases demonstrated an increase in effective (or "forward flow") MSER during effort ( Figure 5 ). However, as regurgitant stroke volume decreased more than effective stroke volume during exercise, total MSER fell in one case and remained unchanged in the other. In the remaining two cases, both total and effective MSER fell during the exercise period. Thus, as aortic regurgitant stroke volume generally decreases on effort with a decrease in diastolic filling period per beat and insignificant changes in aortic valve diastolic gradient, the abnormal MSER response to effort in congestive failure becomes apparent, particularly when total rather than effective ejection rates are examined. It is clear how effective cardiac output can rise in aortic insufficiency without a change in cardiac contractility, simply by the mechanical reduction in regurgitation. DISCUSSION (vide supra, were GThe present studies indicate that under condi--(vid supra), were tions of stress, the nonfailing human left ventricle -NCY WITH C H F predictably effects a rise in mean systolic ejection Case 2. rate, irrespective of changes in stroke volume. The failing left ventricle, however, with comparable physical stress, appears unable to increase its mean rate of ejection. Every attempt was made in these studies to standardize the stress sustained by both groups of patients. Total body oxygen consumption was similar in the control and failure 7] groups. This similarity, however, is more apparent than real, for as Huckabee and beat, and left ventricular systolic mean pressure.
attending exercise was an average of 7 beats per minute greater in the control series, no relationship between individual changes in mean systolic ejection rate and heart response was found. This was true of both control and failure groups. Indeed, vagolytic tachycardia in resting subjects was uniformly associated with a fall in both stroke volume and mean ejection rate. In the electrically paced human heart a similar decrease in stroke volume was demonstrated with increasing rate by Warner and Lewis, although they did not measure ejection rates (13) . Therefore, the normal mean systolic ejection rate response to stress does not reflect changes in cycle length alone.
The problem of valvular regurgitation warrants comment. True changes in mean systolic ejection rate can be derived only when changes in the total stroke volume of the ventricle are known. In the case of aortic insufficiency, the hydraulic determinants of backflow (regurgitant flow period and aortic valve diastolic gradient) are easily measured. Thus, irrespective of regurgitant stroke volume, percentile changes in regurgitation during exercise may be calculated with accuracy (11). When the regurgitant aortic valve area is known, as in the cases reported herein after necropsy, absolute changes in regurgitant stroke volume and total mean systolic ejection rates may then be derived.
As defined in the expression, mean systolic ejection rate reflects only an average rate of flow and provides no information concerning the instantaneous rate of ejection. Aortic root velocity has been studied in the normal subject by several investigators (1-16) and, in general, maximal velocity is attained early in systole and is maintained throughout the greater portion of the ejection period. A small number of failure cases studied by Barnett, Greenfield and Fox exhibited lower velocity levels which were poorly sustained (17) . In (19) , it is reasonable to assume that the mean radius of the ventricular chamber increased to some degree during exercise. A distended ventricle need diminish its total mass proportionately less than a nondistended one to maintain a given stroke volume. It follows t'at if a fiber shortens the same distance in the same period of time, but from an initially larger volume, stroke volume and mean systolic ejection rate necessarily increase. However, as neither stroke volume nor mean systolic ejection rate increased, fiber-shortening distance must have decreased on exercise. This could represent either a reduced rate of fiber shortening or a considerable curtailment of the duration of ventricular ejection with essentially unchanged contraction velocity (fibershortening rate). Our data show small reductions in both systolic ejection period and stroke volume in left ventricular failure during exercise. Hence, while it is likely that fiber-shortening rate decreased in these hearts during stress, this cannot be stated with certainty from the information available.
In the control group in whom left ventricular filling pressures rose slightly, if at all, and stroke volume increased in the majority, changes in mean radius of the left ventricular chamber are less predictable. Unless exercise end-diastolic volume increased markedly over resting values, the uni-form rise in mean systolic ejection rate during exercise would indicate a rise in fiber-shortening rate. In any event, fiber-shortening rate should be greater in these nonfailing hearts than in the failing ventricles. Rushmer, Smith and Franklin have shown that both diastolic and systolic cardiac diameters are reduced in the normal, exercising dog (20) . If these observation are representative of the behavior of the normal exercising human heart, then an absolute increase in fiber-shortening distance and contraction velocity occurs in normal man during stress.
Fiber shortening is not the sole measure of contractility, since the contractile effort may be manifest as either fiber shortening, wall tension, or both. Left ventricular systolic mean pressure rose an average of 19 mm Hg (+ 18 per cent) in the control series and 27 mm Hg (+ 24 per cent) in the failure cases during exercise, and the pressure time index increments in the two groups differed by less than 12 per cent (vide supra). Consequently, the ability of the failing heart to generate pressure on effort is not impaired. In addition, when one considers the added wall tension imposed on these hearts through dilatation (by virtue of the law of Laplace), it appears that the dilated, failing ventricle is forced to function in a more nearly isometric fashion during stress.
One patient with clinically severe left ventricular failure (not included in the above group) was studied after phlebotomy and found to have normal pulmonary-capillary pressures at rest and during exercise. Mean systolic ejection rate at this time rose normally (+ 20 per cent) during effort. This preliminary observation supports the concept that excessive rise in wall tension owing to dilatation precludes a normal response of the mean systolic ejection rate during stress. Conversely, with sufficient reduction in mean chamber size and, therefore, in wall tension, the normal mean systolic ejection rate response may be restored. It is of interest that abnormal changes in mean systolic ejection rate were also noted in the aortic stenosis group without left ventricular failure. Here again the contractile effort of the ventricle is diverted from fiber shortening to tension development. These observations are consistent with studies by Hill (21) of the forcevelocity curves for isolated skeletal muscle strips * in which velocity of shortening decreased as the force was increased.
Obstructive mitral disease, on the other hand, did not qualitatively alter the mean systolic ejection rate response of the normal ventricle to stress. The normal and unburdened left ventricle in mitral stenosis responds normally to the stimulus of exercise, even though the initial chamber volume is limited by the inflow restrictions of obstructive mitral disease. The rise in mean systolic ejection rate in the mitral stenosis group, however, was considerably less than that of the controls (Table   I ), but did resemble those nine control patients in whom stroke volume did not rise with exercise.
The possible influence of right ventricular failure on left ventricular ejection rate is as yet unknown, and studies are currently in progress to shed light on both this and the reversibility of the fixed mean systolic ejection rate of the stressed, failing ventricle.
SUMMARY
The effect of exercise on the mean rate of left ventricular ejection was studied in 64 subjects with normal and abnormal left ventricular function. The exercising, nonfailing left ventricle consistently exhibited a rise in effective mean systolic ejection rate, with or without an increase in stroke volume. The failing ventricle, on the other hand, did not increase its rate of ejection during stress. When changes in total systolic ejection rate were examined, this defect in fiber shortening could also be demonstrated in the failing hearts of aortic insufficiency subjects. Obstructive mitral disease did not qualitatively alter the normal response of the left ventricle. Aortic stenosis patients without left ventricular failure, however, were generally unable to effect a rise in mean systolic ejection rate on effort. It is suggested that excessive rise in muscle wall tension during stress imposed by virtue of dilatation in congestive failure, and by systolic hypertension in aortic stenosis (through the force-velocity relationship), precludes the normal rise in mean systolic ejection rate.
